The structural and magnetic changes that take place after the lithium exchange reactions of MnXO 4 · D 2 O to give LiMnXO 4 (OD) (X ‫؍‬ P, As) have been studied by magnetic susceptibility and variable-temperature neutron diffraction techniques. The crystal structures of the lithium derivatives have been refined at room temperature and 10 K by time-of-flight neutron powder diffraction data using the Rietveld method. These compounds behave as Curie-Weiss paramagnets at high temperatures and order antiferromagnetically below Ne´el temperatures of 28 and 30 K for X ‫؍‬ P and As, respectively. The magnetic structures have been determined from the low-temperature neutron data. Although the four magnetic structures are antiferromagnetic, the magnetic couplings in the Mn-O-Mn infinite chains are ferromagnetic in the lithium derivatives and antiferromagnetic in the parent materials. These different magnetic behaviors are explained on the basis of subtle differences in the crystal structures after the lithium exchange reaction.
INTRODUCTION
First-row transition metal oxosalts exhibit a wide range of interesting magnetic properties enabling the magnetic interactions between the paramagnetic cations to be investigated. As part of this effort, the superexchange interactions between octahedrally coordinated cations have been studied in a number of transition metal phosphates and arsenates (1) (2) (3) (4) . ''Chimie douce'' reactions have frequently been used to modify the structural characteristics of materials which may lead to a change in properties such as electronic and ionic conductivity, catalytic behavior, and magnetic properties. For example, the Curie temperature of electrochemically intercalated Cu >W Cr Se spinels varies from 432 ( y"0) to 175 K ( y"1) (5) . The loss of sample crystallinity after chimie douce reactions often makes the study of changes in crystal or magnetic structure difficult, but the compounds reported here are sufficiently crystalline to be studied by the Rietveld analysis (6, 7) of neutron powder diffraction data.
As part of a study of manganese phosphates and arsenates, we have previously shown that MnXO · H O (X"P, As) undergoes a lithium exchange reaction with solid LiNO . The ion exchange reaction of MnAsO · H O to give LiMnAsO (OH) is accompanied by an unusual switch in the framework geometry as the Jahn-Teller distortions of the MnO octahedra change, although the topology is unaltered (8) . The structure of these two compounds consists of Jahn-Teller distorted Mn'''O octahedra linked via opposite vertices by H O or OH\ groups to form infinite zigzag Mn-O-Mn chains in the [101] direction that are interconnected by AsO tetrahedra, resulting in a threedimensional framework. This encloses small channels parallel to the c-axis into which the hydrogen atoms are situated in MnAsO · H O and in which the lithium cations are located in LiMnAsO (OH). However, after the deprotonation of the water molecules that bridge adjacent Mn> atoms, these cations become inequivalent due to the lowering of symmetry from monoclinic to triclinic. (12) .
We have previously reported the 4 K antiferromagnetic structures of the starting materials MnXO · D O (X"P, As) (14) and the magnetic structure of LiMnAsO (OD) at 10 K (15). Some ionic conductivity data for the lithium derivatives LiMnXO (OH) (X"P, As) have also been reported (13) . In this paper we present the full crystal structures of the lithium derivatives LiMnXO (OH) (X"P, As) using powder neutron diffraction at room temperature and 10 K. We have also studied the changes in the magnetic properties that take place after the lithium exchange reaction using magnetic susceptibility and the low temperature powder neutron diffraction.
EXPERIMENTAL

MnXO
· D O (X"P, As) were synthesized hydrothermally as previously described (14) . O, and dried at 60°C. Powder X-ray diffraction showed that the products were highly crystalline, single phases, LiMnXO (OD) (X"P, As). Alternating current magnetic susceptibility measurements were conducted in a computer-controlled susceptometer described elsewhee (16) . Data were recorded in the range 4-170 K at zero applied field. Time-of-flight neutron Note. The values for the starting materials (14), MnPO · H O (X"P, As), are given for comparison.
? Taken as the temperature of maximum slope. @ Assuming g"2.00 for Mn>.
powder diffraction patterns were collected on instrument HIPD at MLNSC, Los Alamos National Laboratory at room temperature and 10 K. The data were normalized to the incident beam spectrum and fitted by the Rietveld method (6, 7) using the GSAS package (17) . Simultaneous refinements of the six spectra from counter banks at $153°, $90°, and $40°2 were performed with a Gaussian convoluted with a double exponential peak shape function (18) and a refined Fourier series background function. Neutron scattering lengths were taken from Koster and Yelon (19) and the Mn free ion form factor of Freeman and Watson (20) was used to calculate the magnetic intensities.
RESULTS
The crystal structures of the deuterated lithium hydroxy manganese(III) phosphate and arsenate were refined from the HIPD time-of-flight neutron powder diffraction data at room temperature using the previously determined structures (8, 9) as starting models. The positions of the lithium cations determined from laboratory X-ray powder diffraction data for the two lithium derivatives were confirmed. Difference Fourier maps clearly revealed the H/D positions. No structural changes take place on cooling from room temperature to 10 K, but magnetic diffraction peaks were clearly observed in the low-temperature neutron patterns.
The molar susceptibility data for LiMnPO (OH) and LiMnAsO (OH) are displayed in Fig. 1 , together with the Curie-Weiss fits to the high-temperature data. The plots for the starting materials MnAsO · H O (X"P, As) are also given for sake of comparison (14) . At low temperatures, quite sharp maxima indicative of an overall antiferromagnetic order are observed, below which the susceptibility drops to approximately 2/3 of the maximum value. Values of the Curie-Weiss parameters and transition temperatures are given in Table 1 .
The magnetic diffraction peaks in the low-temperature neutron diffraction patterns were indexed upon the same Ccentered triclinic cell that describes the nuclear structure. The magnetic reflection conditions for the LiMnPO (OD) were h#k and h#k#l odd and l even, and as the Mn atoms lie on special crystallographic positions, these conditions are sufficient to define the relative orientations of the Final refinements of all profile and atomic parameters for LiMnXO (OD) gave the results shown in Tables 2 and 3  (X"P) and Tables 4 and 5 (X"As). Bond distances and angles are presented in Tables 6 (X"P) and 7 (X"As). Observed, calculated, and difference plots at room temperature and 10 K are shown in Figs. 2 (X"P) and 3 (X"As).
DISCUSSION
The framework of LiMnPO (OD) and the lithium position within the channels in the [101] direction previously determined from laboratory X-ray powder data (9) have been confirmed using the room temperature neutron powder data. The D/H position (which was not located in the X-ray study) has been located. These D/H atoms are bonded to oxygen O(3) at a distance of 1.06 A s and form a strong nonlinear hydrogen bond with the O(1b) (see Table 6 ); the O(3)-D/H-O(1b) angle is 167°. The sample was found to be 44% deuterated. The previously determined framework (8) of LiMnAsO (OD) has also been confirmed and the lithium position in the channels, which are parallel to the c-axis in this structure, was also corroborated. The D/H atoms are 0.97 A s from O(3) and also form a strong nonlinear hydrogen bond (see Table 7 ) with an O(3)-D/H-O(2a) angle 164°. This sample was also only partially deuterated containing 60%D. The 10 K crystal structures of LiMnPO (OD) and LiMnAsO (OD) do not differ from those at room temperature, except for small changes due to the thermal contraction.
LiMnPO (OD) and LiMnAsO (OD) have very similar variations of magnetic susceptibility with temperature ( Fig. 1) giving the parameters shown in Table 1 . At high temperatures they behave as Curie-Weiss paramagnets with spin-only moments and negative values of , indicating a dominant antiferromagnetic interaction between the spins. Both compounds display susceptibility maxima at ¹ characteristic of long-range antiferromagnetic order and the Ne´el temperatures ¹ , were estimated from the position of maximum slope of the (¹ ) curve. The sharpness of the transition and the ¹ , /¹ values of 0.90 and 0.88 for X"P and As are consistent with three-dimensional Heisenberg behavior (21) . The Curie-Weiss function fits the LiMnXO (OD) (X"P, As) data down to almost ¹ of (¹ ) curves. This indicates that although the overall magnetic structures of LiMnXO (OD) (X"P, As) are antiferromagnetics, they contain substantial ferromagnetic contributions. As seen in Fig. 1 , this is an important difference with the pristine materials MnXO · D O (X"P, As) as both have broader susceptibility maxima (Fig. 1) . This is supported by the magnetic structures determined from lowtemperature powder neutron data, as strong antiferromagnetic Mn-O-Mn couplings are observed in the infinite chains in the MnXO · H O materials (14) , but in LiMn XO (OD) (X"P, As) a weaker, ferromagnetic, intrachain coupling is present, as discussed below.
It is interesting to compare the magnetic behavior of LiMn'''PO (OH) and the isostructural compound tavorite, LiFe'''PO (OH) (12) . The magnetic structure of this material is not known although the magnetic properties have been characterized through a magnetic susceptibility study. The susceptibility curve shows a very broad maximum centered at 80 K which was fitted by a one-dimensional Heisenberg model. For LiMnPO (OH), the maximum is much sharper indicating a three-dimensional antiferromagnetic order as found in the low-temperature neutron study. The different magnetic behavior of these compounds is likely to arise from the different electronic configurations of the cations as 3dFe> forms regular coordination octahedra while 3dMn> gives rise to Jahn-Teller distortions which modify the signs and magnitudes of the superexchange pathways. The switch in the intrachain magnetic interactions and the magnetic easy axis upon exchange of Li> for H> in MnXO · H O is consistent with the switch in framework geometries described previously (8, 9, 15) . Octahedrally coordinated 3d Mn> is subject to a [4#2] Jahn-Teller distortion (Fig. 5) (OH) also results in a switch from antiferromagnetic to ferromagnetic order within the chains of corner linked MnO octahedra for both X"P and As. The ordering between chains which is mediated by the XO groups is antiferromagnetic in all cases.
The use of intercalation and ion-exchange reactions to modify the electrical and ionic conductivities of materials is well known. This work shows the possibility of modifying magnetic properties through these types of reaction, which may allow the tailoring of new magnetic materials. In particular, the ability of host frameworks containing JahnTeller cations to switch between different distortion modes when exchanging or uptaking guest species may result in important changes to the magnetic properties.
